The directional emittance of dry and moist paper and board samples was measured in two wavelength ranges; the mid-wavelength infrared (MWIR) range and the long-wavelength infrared (LWIR) range. The influence of pulp type, pulp drying, pulp refining, fibre orientation, additives, coating, and observation angle on the emittance of dry paper was examined. The influence of sample moisture and observation angle on the emittance of moist samples was also investigated.
symbols and abbreviations is provided in the Appendix). The camera may convert the raw signal to a temperature measurement using Planck's law of black body radiation. For an accurate conversion to temperature, the emittance ε of the target object must be known. The emittance is a thermal radiative material parameter and its value ranges from 0 to 1. The emittance is related to the transmittance τ, reflectance ρ and absorptance α of an object. During steady-state conditions (i.e. thermal equilibrium), they are related as follows: τ + ρ + α = 1 α = ε τ + ρ + ε = 1
The emittance may vary with factors such as wavelength λ, temperature T, observation angle θ, chemical and structural composition, surface roughness, and moisture content. Different methods for measuring emittance are used, see e.g. Hyll et al. (2012b) for a summary. Dependent on method, the emittance may be measured at a specific wavelength or observation angle, or be integrated over a range of wavelengths or observation angles. The definition of the observation angle is illustrated in Fig 1. When using a thermographic camera it is preferred to supply an emittance value which was measured at a specific observation angle (directional emittance) and integrated over the wavelength range of the camera sensor (e.g. the LWIR range). When thermography is used in a mill situation it is important to consider the conditions that may influence the emittance of the paper web, such as moisture ratio, temperature, and observation angle. The moisture ratio MR is the ratio of water to solids material (e.g. pulp fibres) in a sample. In a paper machine, the moisture ratio is typically around 4.0 at the end of the pressing section, around 1.5 in the drying section, and around 0.05 at the reel. The temperature of the web will also vary in different sections of the machine, from around 40°C in the pressing section, to about 100°C in the drying section.
Finally, the web may be viewed from different observation angles, especially on the reel, where the entire range of viewing angles (0° to 90°) may be viewed simultaneously. If thermographic measurements are made at different stages in the production process, it is thus necessary to know if and to what extent the emittance of paper varies with moisture ratio, temperature, and observation angle.
The emittance of materials may only rarely be theoretically predicted (Dewitt, Nutter 1988) . Instead, it needs to be measured. A summary of previous studies on the emittance of dry paper can be found in Hyll et al. (2012b) . In these studies, dry paper was reported to have an emittance between 0.61 and 0.92, dependent on wavelength range. Hyll et al. (2012b) also performed an initial study of the dependence on wavelength, observation angle and temperature on the emittance of dry paper. They concluded that the emittance was independent of temperature in the investigated range; 30°C to 100°C. However, a variation with wavelength and observation angle was found.
The emittance of moist paper has been studied by Trepanier (1984) and Ojala (1992; 1993) . In his pioneering study, Trepanier measured the normal emittance of papers of several different furnishes and amounts of moisture. The samples were heated to 50°C and measured with a detector sensitive in the MWIR range (3.0-5.6 µm). A general trend in his result was that the emittance was highest for the driest sample (lowest moisture ratio). For some samples, the emittance decreased monotonically with increased moisture ratio. For other samples, the lowest value of the emittance occurred around moisture ratios 1.5 to 0.3, with a slight emittance increase at the lowest moisture ratios. Trepanier also compared calendared, moist handsheets to uncalandered moist handsheets. Generally, calendared moist sheets had a higher emittance than uncalandered moist sheets. The difference was more pronounced for higher moisture ratios. Trepanier suggested that the difference was due to a thicker surface water layer on the calendared sheets. No comment can be found in the publication that relates to the influence of the drying process on the surface temperature of the sample, for example evaporative cooling. Ojala (1993) used Fourier Transform Infrared (FTIR) spectrophotometry to measure the hemispherical reflectance and transmittance of paper made from unbleached softwood pulp with different amounts of moisture at wavelengths between 0.4 and 20.0 µm. The reflectance and transmittance values were then used to calculate the emittance of his samples, according to Eq 1. It is our interpretation that Ojala used the term moisture content to designate what we in this work refer to as moisture ratio. Ojala found that the emittance of his samples increased when the moisture ratio increased. This effect was most pronounced in the MWIR. The lowest moisture ratio (driest sample) gave the lowest emittance, while the highest moisture ratio (wettest sample) gave the highest emittance. This result was the opposite to that reported by Trepanier (1984) . When investigating moist paper samples it is interesting to compare it with the emittance of water. The emittance of water is high, with values of the normal emittance reported between 0.97 (Salisbury, D'Aria 1994) for the MWIR range, and 0.98-0.99 for the LWIR range (Sobrino, Cuenca 1999; Rees, James 1992; Niclòs et al. 2005) .
Since the emittance of water is higher than that of dry paper, it could be expected that the emittance of moist paper is higher than that of dry paper. Some studies have commented on the applicability of a "mixing rule", i.e. if the emittance of moist paper can be predicted by a linear combination of the emittance of dry paper and water (Trepanier 1984; Ojala 1993) . A linear, mass-share-based combination, the emittance ε mix of a moist sheet can be formulated as:
where MR is the moisture ratio, ε fibres is the emittance of a dry sheet made from the same pulp, and ε water is the emittance of pure water. In the mentioned studies, it was concluded that a simple linear relationship could not be used to predict their measured emittance values. In one of the studies, fibre/water interactions such as fibre swelling were suggested to non-linearly influence the propagation of infrared radiation in the paper (Ojala 1993 ). In the other study, a non-linear mixing rule was suggested, with constants that varied with moisture ratio (Trepanier 1984) .
In summary, the reported behaviour of the emittance of paper as a function of moisture is contradictive. It is also unclear if the emittance of moist paper may be predicted from the emittance of dry paper and water. We also note that the emittance of moist paper has not been wellinvestigated for different observation angles, or in the LWIR range. The availability of low-cost microbolometer detectors has made the LWIR range increasingly used in industrial infrared instruments, stressing the importance of emittance data for the LWIR range.
In the work presented here, the emittance of dry paper, moist paper and board has been measured using a newly developed method. The emittance dependence on observation angle, wavelength range, moisture ratio, and sheet composition and structure will be reported.
Experimental Equipment
The "Directional Emittance Measurement" (DEM) method (Hyll et al. 2012b ) and its angle-resolved goniometric setup was used to measure the emittance of dry and moist paper samples. The DEM method is based on the reference emitter methodology, i.e. the radiation from a sample is compared to that from a reference with known emittance under otherwise identical conditions. The radiation is detected by an infrared video camera, resulting in integrated emittance values adapted to the wavelength range of the camera.
In the DEM method, paper samples and the emittance reference are placed inside an oven whose temperature can be controlled to ±0.3˚C. The infrared camera is mounted onto a goniometer arm, which can be pivoted around the oven in order to change the observation angle. When the desired oven temperature is reached, the lid of the oven is quickly opened and the infrared radiation from the samples is imaged with the LWIR or MWIR camera operating at 30 frames/s. The setup is depicted in Fig 2. Ambient radiation emitted from the surroundings is measured by imaging a high-reflectance surface at the same position as the samples. The emittance of the sample material can then be determined based on the measured directional radiance of the sample, the highreflectance surface, and the reference, according to:
where ε ref is the emittance of the reference, U sample is the raw signal from the camera due to the emitted directional radiance of the sample, U amb is the raw signal from the camera due to the emitted radiance of the ambient surroundings, reflected into the camera by a highreflectance surface, and U ref is the raw signal from the camera due to the emitted radiance of a well-established Nextel coated surface. Here, it is assumed that the surface scattering properties of the paper samples, the highreflectance surface and the reference are identical, i.e. the ambient radiation is diffusely reflected in the same way.
Measurements of the paper samples were performed at a temperature of 70°C in order to achieve a sufficient signal contrast in comparison to the surroundings. The observation angle θ was measured by the Digital Angle Gauge from Wixley (0 to 180º range, 0.1º resolution, ±0.1º accuracy). Ambient radiation was measured using a rough high-reflectance gold surface; Infragold from Labsphere (reflectance 0.94-0.96 at λ = 2-20 μm). The emittance reference comprised a sheet of blotting paper painted with five layers of Nextel Velvet from Mankiewicz Corp. Nextel Velvet has a high emittance which is well-studied for several wavelengths, observation angles and temperatures (Koirala 2004; Kwor, Matteï 2001) . In this study the emittance of the Nextel-painted blotting paper was assumed to obtain values 0.93 ±0.01 (θ: 0°) to 0.84 (θ: 80°) in the MWIR range, and 0.96 ±0.01 (θ: 0°) to 0.81 (θ: 80°) in the LWIR range.
Two infrared video cameras were used for evaluation. The FLIR SC6000 camera (www.flir.com) has a cooled IR-detector and operates in the MWIR range (3.0-5.0 μm). The FLIR SC640 (www.flir.com) has an uncooled detector and operates in the LWIR range (7.5-13.0 μm). The SC6000 was used with a 25 mm lens and the SC640 was used with a 38 mm lens. Both cameras were specified to have a measurement uncertainty of ±2.0°C, or ±2% of the raw signal, over the entire measurement range of the camera. If the cameras are used under controlled conditions, for repeated measurements on similar objects, and only in a small range of the total measurement range, the uncertainty is less than ±0.06°C (comment of FLIR service division, 2012). In this work, these requirements were largely fulfilled, and a camera measurement uncertainty of ±0.5°C, or ±0.5% of the raw signal, was assumed.
Description and preparation of samples
A number of paper, board, and linerboard samples were used to investigate how the directional emittance varies with different sheet properties. Such properties were pulp type (bleached softwood, unbleached softwood, birch, mix of softwood and hardwood, recycled), pulping (thermomechanical, kraft), pulp refining (refined, unrefined), pulp drying (dried, neverdried), fibre orientation (cross-direction, machine-direction), optical brightness additives (OBA), and coating. Both laboratory-made handsheets and industrially-made samples were used. An overview of the samples is shown in Table 1 . The handsheets were assumed to have an isotropic structure, implying that the properties of a sample did not vary in the machine direction/cross direction (MD/CD) plane, i.e. with azimuthal angle Φ (see Fig 1) . Due to their isotropy, handsheets cannot be used to investigate the effect of fibre orientation in the sheet. In order to investigate the influence of moisture ratio on the emittance, two sets of moist sheets were prepared from the bleached and unbleached softwood pulp, respectively. The sheets were made by couching and pressing the handsheets (grammage: 120 g/m 2 ) at different loads to a desired moisture ratio. The highest moisture ratio was 4.0 and the lowest was 0.05 (a dry sheet). All sheets of a given moisture ratio were put in sealed plastic bags, with plastic sheet between each sample. After preparation, the samples were stored in a refrigerator.
Three smaller studies of samples with a fibre orientation, starch coating, or added optical brightness additives were also performed. The objective of these studies was to see if there was a qualitative influence of one these parameters on the emittance.
In the first study, the emittance of industrial samples of uncoated linerboard and two-ply coated board was measured in order to see a possible effect of fibre orientation. The TSI MD/CD value of the samples, measured with a Lorentzen & Wettre TSO Tester, was 3.38 for the uncoated linerboard, and 1.95 for the two-ply coated board. In the second study, half a sheet of blotting paper was coated with five layers of a potato starch solution. In the third study, industrial folding box board was obtained with and without an addition of OBA (approx. 0.06% in the top layer and 0.02% in the bottom layer).
Measurement and analysis procedure
With a few exceptions, the methodology used for emittance measurement of dry samples was the same as for the angular resolved measurements described in Hyll et al. (2012b) . However, a Nextel-painted blotting paper was used as a reference in the present study instead of the Nextel painted aluminium plate used in the previous work. Three or four different samples types were measured simultaneously, with two 4 cm x 4 cm samples of each type. Gravimetric measurements showed that the dry samples (MR: 0.05) became bone-dry when heated in the oven during the course of the measurements. Thus, in the following sections the dry samples will be assumed to have a moisture ratio of 0. When measuring on the moist samples, the moist sheets were taken out of the refrigerator and cut into 4 cm x 4 cm samples. Samples with three or four different moisture ratios were measured simultaneously. Two samples of each moisture ratio were prepared to account for local variations in moisture content. At this point in time the samples were weighted using a gravimetric scale (accuracy ±0.01 g). They were then wrapped in one layer of a thin plastic film in order to prevent evaporative cooling. The plastic film was a low density polyethylene (LDPE) wrap of the brand Toppits Glad with an approximate thickness of 10 µm. The samples were then taped onto an aluminium plate with heat-resistant masking tape with the seam of the plastic film face-down towards the plate. The samples and plate were put into an oven and heated for 2½-4 hours to reach equilibrium at the desired temperature (70°C). Measurements were then started.
A measurement sequence was performed where the observation angle θ (see Fig 1) was varied from 0° (perpendicular to the sample), in steps of 10°, down to 80°. The measurement procedure was always concluded with a final measurement at 0°. After the final measurement, the samples were unwrapped and weighted. They were then dried in a drying oven during 24 hrs to become bone-dry, and weighted again. The moisture ratio of the samples before and after the measurement series was then determined. During the measurements, the time and observation angle at each measurement point was logged. One measurement series took between 1½ and 3 hours.
Software provided by the camera manufacturer was used to obtain the raw signal U of the samples, reference surface, and high-reflectance surface, from the thermographic images of a measurement series . Fig 3  illustrates a view of the samples and reference as seen in the analysis software.
The analysis procedure was identical to the one described in Hyll et al. (2012b) , with the exception that the emittance was not evaluated in only one of the recorded IR-images. It had been observed that significant cooling of the samples occurred rapidly, already during the opening of the lid of the oven. The emittance of the samples was therefore evaluated on consecutive frames of the video captured images where the exposure time to the surrounding was identical. This ensured the determination of the emittance at the same cooling time of the samples. Using the raw signal obtained from the analysis, the emittance calculation and compensations (see below) were performed in Matlab. When the moist samples were weighted after completion of a measurement, it was found that some moisture leakage had occurred during the course of the sample heating and measurement procedure (5 to 7 hrs). Calculations suggested that the moisture had leaked Fig 3 - Example of an infrared image from the camera analysis software, showing reference surface (white area at bottom) and two samples made from TMP, recycled pulp (RC), and folding box board (FBB), taped onto an aluminium plate. The samples were heated to a temperature of 70°C, and their difference in emittance is visible as a difference in the detected raw signal (U). through the seal of the plastic film at an approximate rate of 0.60 mg/min, causing the measured emittance value to be underestimated by up to 0.12, compared to its estimated true value. In the subsequent analysis, a compensation for the moisture leakage was made. The compensation was based on the interpolation of data from points during the series where the moisture ratio was measured and hence well-known, and on the observed decrease in the emittance as a function of time during a measurement series. A separate compensation was made to account for the infrared absorptance of the plastic film and its influence on the directional dependence. The effect was an underestimation of the emittance of 0.02 to 0.15, dependent on wavelength range and observation angle. The compensation was based on a comparison between the measured raw signal of from a wrapped sample and a non-wrapped reference sample.
The difference in detected raw signal for an uncompensated or compensated wrapped moist sample is shown in Fig 4. Here, it can be seen that the influence of the plastic wrap is much larger at high observation angles than at smaller observation angles. Further details on the compensation procedures can be found in Hyll et al. (2012a) .
Uncertainty analysis
An uncertainty analysis of the emittance measurement method was made, similar to the one described in Hyll et al. (2012b) . The uncertainty of the method was theoretically estimated by mean error propagation of Eq 3. The repeatability of the method was evaluated by calculation of the standard deviation from five identical measurements made on the same sample. The obtained standard deviation σ at normal observation angle was ±0.01. The total uncertainty of the measured emittance values was taken to be the sum of the mean error propagation and the calculated standard deviation. Thus, the total uncertainty at 1σ level in measurements of normal emittance at 70°C was estimated to be between ±0.02 (θ: 0°) and ±0.03 (θ: 80°) in the MWIR range, and between ±0.03 (θ: 0°) and ±0.04 (θ: 80°) in the LWIR range.
The compensations introduced additional uncertainty to the measurements. The introduced uncertainty in the emittance due to the moisture leakage compensation was estimated to be between ±0.01 (θ: 0°) and ±0.04 (θ: 80°). The corresponding uncertainty in the compensation of the infrared absorptance of the plastic film and its influence on the directional dependence was estimated to be between ±0.01 (θ: 0°) and ±0.03 (θ: 80°). The uncertainties due to the compensations were then added to the total estimated uncertainty for the measurements on dry samples, as described in the previous section. Additional details of the compensations and an uncertainty analysis of the measurements on moist samples are given in the appendix of Hyll et al. (2012a) .
Results and discussion

Dry paper samples
Fig 5 compares the measured normal emittance of dry paper and board samples made from different pulps. The emittance in the LWIR range was significantly higher than in the MWIR range. In the MWIR range, the emittance of the different pulp types varied by 0.13, from 0.62 to 0.75, with an average value of 0.72. In the LWIR range, the corresponding variation was 0.06, with a lowest value of 0.87 (TMP), and an average value of 0.90. Fig 4 - Example of the effect of wrap and moisture leakage compensations on the LWIR raw signal. Graphs depict a nonwrapped, dry sample ("Reference", grey squares), a wrapped, non-compensated moist sample (white squares), the same moist sample when compensated for the absorptance and directional dependence of the plastic film (grey diamonds), and the same moist sample when also compensated for moisture leakage (black circles). The normal emittance of TMP was found to be significantly lower than the emittance of the other pulp types in both the MWIR and LWIR ranges. In the MWIR range, the emittance of the recycled pulp, which is a mix of TMP and chemical pulp, lies between the emittance of TMP and the chemical pulps. However, in the LWIR range, the recycled pulp exhibits an emittance value similar to that obtained for chemical pulp.
In Fig 6, results from the measurements on the machine made board and linerboard samples are presented.
The difference between the top and bottom sides of the coated board and uncoated linerboard samples are within the uncertainty limits of the measurements. This implies that the coating layer had the same emittance as the uncoated board surface.
In Fig 7, results from the measurements of the neverdried or dried and repulped birch pulp samples are presented.
The differences in measured emittance are small. The results in Fig 7 indicate that refining of the fibres could increase the MWIR emittance, corroborating with the observation of Lee et al. (2003) that fibre damage decreased the transmittance, which would correspond to an increase in the emittance according to Eq 1. No emittance difference in the LWIR range, or between the never-dried and dried and repulped samples, was observed. Fig 8 shows the normal emittance of blotting paper with and without a potato starch coating, and industrial folding box board with and without optical brightness additives (OBA). Applying a potato starch layer to a sheet appears to slightly increase the MWIR emittance, while the addition of OBA appears to influence neither the MWIR nor the LWIR emittance. Fig 9 presents the emittance as a function of observation angle for a selection of sample types.
The emittance was constant up to a certain observation angle, from which it decreased. The impact of observation angle varied with wavelength range. In the MWIR range, the emittance was approximately constant up to an observation angle of 60°, after which it started to decrease. In the LWIR range, the emittance was approximately constant for observation angles up to 70°. The impact of observation angle on the emittance also varied slightly for the different pulp types.
The directional emittance of industrially manufactured linerboard, measured in the CD and MD directions, is presented in Fig 10. For the industrially made linerboard samples, it was expected that a possible influence of the orientation of the sheet (MD or CD) would be strongest at grazing angles. However, when comparing results for the measurements in the MD and CD direction of the industrially made samples (see Fig 10) no significant difference in emittance was found at different observation angles for these samples. A larger difference between emittance of top and bottom side was observed in the MWIR range than in the LWIR range. 
Influence of moisture ratio
At the normal angle (θ: 0˚) the directional behaviour of the plastic film did not influence the measured emittance and therefore gave a better measurement uncertainty. Thus, different properties were investigated mainly at an observation angle of 0˚. At the end of the section, the emittance of moist paper will be presented as a function of observation angle. Fig 11 to Fig 14 present the normal emittance as a function of moisture ratio. Here, the data was chosen only from the final measurement in each measurement series. As the moisture ratio of the sample was determined directly after this final measurement, both the moisture ratio and the emittance were known, and no moisture leakage compensation was required. Since the measurements at normal angle were not influenced by the directional dependence of the plastic film, the data was only compensated for the infrared absorptance of the film. The emittance of water and the emittance ε mix , as predicted by the Eq 2, are also plotted. On average, the normal MWIR emittance of the sample with the highest moisture ratio (MR: 4.0) was 0.18 higher than that of dry paper. In the LWIR range, the same difference was 0.08. Thus, the LWIR range is less sensitive to changes in moisture, which was also observed by Ojala (1993) . One should also note that the impact of sample type on the emittance is much smaller than the impact of moisture.
From Fig 11 to Fig 14 we conclude that when the moisture ratio is low (MR ≤ 1.0, corresponding to moisture ratios in the drying section of a paper machine), even a small change in moisture will significantly increase the emittance. This is in line with the observation of Lee et al. (2003) , who noted that that the driest samples exhibited the greatest change in emittance when the moisture ratio was varied.
In the investigated range of moisture ratios, the emittance appears to correspond well with the mixing rule given by Eq 2. Table 2 presents the R2 value that was obtained when values determined by the mixing rule were compared with the measured data. Fig 15 and Fig 16 illustrate the dependence on observation angle for unbleached softwood samples at different moisture ratios in the MWIR and LWIR range, respectively.
Since the emittance of water has a strong directional dependence (Rees, James 1992; Sobrino, Cuenca 1999) , it was expected that the wettest samples would exhibit a stronger directional dependence than the drier samples. However, no significant different in directional dependence between wetter and drier samples could be seen. This may partly be explained by the larger measurement uncertainty at grazing angles, where the effect would be strongest.
The emittance dependence on the moisture ratio implies that, when thermography is used in a paper mill, the change in emittance due to changes in moisture ratio should be considered, especially when measuring in different locations of the drying section. 
Summary and conclusions
When thermographic temperature measurements are made, the emittance of the material needs to be known. In this work, the directional emittance of dry and moist paper and board samples was measured in two wavelength ranges; the MWIR range (3.0-5.0 µm) and the LWIR range (7.5-13.0 µm), using commercial IRcameras. The influence of moisture ratio and observation angle was studied under conditions similar to those in a paper mill. Additionally, the influence of pulp type, pulp drying, refining, fibre orientation, coating, and additives on the emittance of dry paper was examined. Moist samples were investigated for two different pulp types. The average emittance of the different dry samples was 0.72 in the MWIR range and 0.90 in the LWIR range, i.e. the LWIR emittance was significantly higher than the MWIR emittance. For the different pulp types, the MWIR emittance varied by up to 0.13, and the LWIR emittance by up to 0.06. Here, TMP had a significantly lower emittance compared to the other pulp types. No significant effect of drying of the pulp, fibre orientation, or brightness additives, on the emittance was found. In general, the impact of different product properties was much smaller in the LWIR range than in the MWIR range.
Observation angle was found to significantly impact the emittance at angles greater than 60° in the MWIR range, and greater than 70° in the LWIR range. Here, the average decrease in MWIR emittance as the observation angle increased from 0° (normal angle) to 80° was 0.13. The average decrease in the LWIR emittance was 0.15. The directional sensitivity of the samples depended on pulp type and wavelength range. The results confirm previous observations that, when the observation angle between the infrared camera and the paper web is large, a decrease in the emittance should be accounted for.
The normal emittance of a moist sample (MR: 4.0) was 0.18 higher than the emittance of a dry sample (MR: 0) in the MWIR range, and 0.08 higher in the LWIR range. The change in emittance as a function of moisture ratio could be approximated well using a "mixing rule", e.g. the emittance could be predicted by a linear, mass-share based combination of the emittance of dry paper and pure water, respectively. When the moisture ratio of the sheet was low (between 0 and 1.0), even a small amount of added moisture significantly increased the emittance. When the moisture ratio was higher (above 2.0), additional moisture only slightly increased the emittance. The emittance dependence on the moisture ratio implies that, when thermography is used in a paper mill, the change in emittance due to changes in moisture ratio should be considered, especially in the drying section.
Cameras operating in the LWIR range appear to be better adapted for measurements in an industrial environment. The emittance of paper and board was substantially higher in the LWIR range, which means that effects due to reflection and/or transmission will be affecting the temperature measurement result significantly less in the LWIR range, compared to the MWIR range. In addition, the LWIR range was less sensitive to variations in observation angle, sample properties and moisture ratio of sample. In summary, measurement of the temperature in the LWIR range represents a more robust method.
